Accurate measurement of island location is crucial for efficient suppression of the neoclassical tearing mode by electron cyclotron current drive (ECCD). In the control system on DIII-D the contour of the resonant q-surface is measured in real time based on real-time magnetohydrodynamic reconstructions, EFITs, that include motional Stark effect measurements of pitch angle in the analysis. A new method for determination of the radial position of the q-surface using a 40 channel electron cyclotron emission radiometer has been developed. This method analyses localized temperature fluctuations caused by motion of the island and can be used by the plasma control system as a complementary measurement of the radial position of the q-surface contour for faster and more accurate alignment of the ECCD.
Introduction
The control of neoclassical tearing modes (NTMs) is one of the key issues for achieving stable high beta discharges in future advanced tokamaks. The NTM is a metastable mode that grows from a finite seed island triggered by internal perturbations in the plasma and maintained by the associated perturbed bootstrap current [1] . Confinement is lost across the region of the island which can decrease the plasma energy by up to 30% in the case of m/n = 3/2 mode [2] . (Here m and n are the poloidal and toroidal mode numbers, respectively.) Furthermore, growth of the m/n = 2/1 mode can result in a locked mode and lead to a plasma disruption. The NTM can be suppressed by replacement of the missing bootstrap current using radially localized electron cyclotron current drive (ECCD). This requires an accurate alignment of the ECCD to the resonant q-surface. Experiments at DIII-D as well as ASDEX Upgrade have demonstrated successful suppression of m/n = 3/2 [3, 6] and 2/1 [7, 9] NTMs. Furthermore, JT-60U has pioneered using electron cyclotron emission for alignment on q = 3/2 [10] .
At DIII-D, several methods have been developed to find and maintain a good alignment between the resonant q-surface and the ECCD deposition point. Search algorithms can find the best alignment when an island is present and the ECCD is turned on [3, 8] . Equilibrium reconstructions (EFITs) that include measurements of the magnetic pitch angle by the motional Stark effect (MSE) can track the contour of the resonant q-surface [12, 13] . These real-time MSE-EFITs can be used to maintain alignment even when the island is absent and can be used for pre-emptive suppression [4] . The radial position of the ECCD depends primarily on the toroidal magnetic field and the vertical position is affected by refraction of the beam which can be significant at high densities. A nominal value for the ECCD position is computed off-line using the TORAY ray tracing code [14] . The control system tracks changes in the refraction from the nominal value using signals from two interferometer chords and the radial position is tracked based on changes in the magnetic field [15] . This paper presents an additional method for tracking the location of the island using measurements of localized electron temperature fluctuations caused by the rotation of the island structure. The fluctuations are measured using the electron cyclotron emission (ECE). Since this method requires the existence of an island, it is intended as a complement to the MSE-EFIT analysis.
The contents of this paper are as follows. In section 2 a brief description of the ECE diagnostic system at DIII-D is given. Section 3 describes how magnetic islands give rise to localized temperature fluctuations and the new method used to determine island location from the fluctuations. Conclusions are given in section 4.
DIII-D ECE diagnostic system for magnetic island detection
A 40 channel heterodyne ECE radiometer is used for electron temperature fluctuation measurements [16] . The ECE is viewed along a horizontal chord located 1.5 cm above the midplane as shown in figure 1 . The system is tuned to detect the second harmonics of ECE in the frequency range 83.5-129.5 GHz. The channel separation is 1 GHz for channels 1-32 and 2 GHz for 33-40 corresponding to about 1-2 cm spatial resolution on the low-field side and 2 cm on the high-field side, respectively. The 3 dB bandwidth of the system is 125 kHz and the noise level is about 10 eV. Figure 2 shows traces from a DIII-D discharge. The second frame shows the amplitude of n = even and n = odd magnetic fluctuations as measured by two Mirnov coils spaced 180
• toroidally apart. The third frame shows the frequency spectrum of the modes detected by ECE channel 33.
Measurement of magnetic island location by ECE
Temperature oscillations caused by magnetic islands have been studied before in DIII-D [7, 17] , JT-60U [11] , JET [18] and ASDEX-U [19] . Figure 3 shows ECE temperature fluctuation amplitude and phase caused by an m/n = 3/2 NTM in DIII-D. The radial positions viewed by the ECE channels depend on the magnetic field and are easily computed. The root-meansquared amplitude forms an M-shaped perturbation profile in the region of the island and the phase is inverted 180
• by its structure. The perturbation profile shows strong asymmetry between the two sides of the island. In this case third harmonic ECE oscillations from the NTM in the outboard midplane overlap the second harmonic oscillations from the NTM in the inboard midplane and a comprehensive analysis including the third harmonic must be applied for detailed analysis. The island width in the outboard midplane is determined using Also shown are rational q-surface contours at t = 2.0 s in shot 122507. The system is tuned to detect the second harmonic. The toroidal magnetic field is 1.59 T and there is an overlap of the third harmonic in the region above 100 GHz for this case. the formulae in [5] :
where
When a magnetic island passes the line-of-sight for the ECE diagnostic, it will push flux surfaces in on the inside and out on the outside so that the temperature will decrease in fixed points inside the resonant surface and increase outside. At the centre of the island, the temperature fluctuation is ideally zero. Figure 4 shows the ECE temperature fluctuation as a function of island phase. The data has been ensemble-averaged versus the island phase determined by Mirnov signals. A 166 ms time interval was chosen for the figure such that channel 28 shows virtually no average fluctuation due to the island passing over it. Assuming that the temperature fluctuations are due to motion of the flux surfaces, the flux surface displacement can be estimated if the temperature gradient across the surface is known, dT e = ∇T e · dR, where dR is the displacement of a flux surface, hence dR = dT e /∇T e . Figure 5 shows the displacement of flux surfaces inferred from ECE versus toroidal angle of the plasma. Displacements for two different time intervals are plotted. The toroidal angle of the plasma is based on the phase of the 3/2 NTM which is inferred from two midplane Mirnov probes 180
• toroidally apart. It is assumed that the toroidal plasma rotation is uniform throughout the plasma. The 3/2 NTM can be seen at a major radius of 1.34 m. The left figure shows evidence of a 1/1 kink mode at a radius of 1.50 m whereas the right figure shows a 2/2 kink mode at the same location. The 2/2 kink which is a non-linear harmonic of the 1/1 locks to the 3/2 NTM in a way that makes the flux surface displacements lie in phase in the outboard midplane where flux surfaces are more densely packed. This locking between the 2/2 kink and 3/2 NTM generally occurs when the size of the island is significant and remains for the entire duration of the NTM [20] . Further observations have shown that the 1/1 kink grows and splits into a 2/2 kink that then decays while the 1/1 kink again grows. This occurs in a repetitive manner with a periodicity of about 100 ms.
Methods that use ECE to determine island location have been developed previously. At JT-60U, the standard deviations of temperature fluctuations are evaluated to identify the centre leg in the M-shaped perturbation profile [10] . At ASDEX-U, locations of the NTM and ECCD deposition are measured by correlation analysis using a signal from a Mirnov probe [21] . At FTU, a method was developed based on monitoring the phase contrast between neighbouring ECE channels [22] . The DIII-D control system is being upgraded to track the phases of NTMs. This will be achieved using a toroidal array of 9 Mirnov probes located in the outboard midplane. The probes will be sampled at 1 MHz. In this paper we present a method that uses the known phase of the NTM to calculate matched amplitudes of temperature fluctuations on the ECE channels. This method is similar to the correlation analysis reported in [21] . However, in this case several Mirnov signals are available so that the fluctuation level at the toroidal mode number of the NTM can be extracted and used. The method is described below.
The temperature fluctuations are to a good approximation sinusoidal. We model the temperature change as
where the phase of the island, , is measured by the Mirnov coils. A field line is traced on the resonant surface from the outboard midplane to the inboard midplane in order to map the phase from the Mirnov probes to the ECE line-of-sight. This phase difference is considered to be fixed during the discharge. The value of is defined to be zero when the island O-point is in view and ±π when the X-point is in view along the horizontal ECE chord. Since the algorithm will work in real time the amplitude at a certain time, t, must be calculated from previous samples of data. The used formula is
where T smo is a time interval corresponding to a few island periods which is sufficiently long to obtain a low noise level but short enough so that the amplitude does not change much;T e is the average measured signal during the time interval T smo . The variation in this matched amplitude, A, with major radius can be seen in figure 6 . The matched amplitude is negative inside the resonant flux surface and positive outside which is consistent with flux surfaces being pushed aside by the island. Based on the fact that the fluctuation amplitude is minimized and phase inverted at the centre of the island, the radial location of the island is found by identifying the channels where the matched amplitude changes sign. We assume for simplicity that A varies linearly in the vicinity of the island and use linear interpolation between the two channels where the sign change occurs as shown in figure 6 . This method enables robust and accurate measurement of the island location in real time and the precision of the determination is increased by high spatial resolution of the ECE system. Figure 7 compares the new measurement of the island position to the radial location of the q = 3/2 surface along the same chord as inferred by MSE-EFITs. The q-surface gradually moves outwards in the shot, and the two measurements are in good agreement. A 10 ms smoothing was applied to the MSE data in the EFIT analysis and T smo = 1 ms for the ECE method. A higher time resolution and lower noise level is obtained by the ECE method under these conditions with a fully developed island. In the implementation both methods will be used weighted with their accuracy when an island is present. When the island size goes below a critical value, the ECE method will begin to fail due to failure in phase detection and failure in locating between which ECE channels the matched amplitude changes sign. Hence only the MSE-EFIT method will be used below this critical value. The full implementation will also monitor the condition for cut-off and include the third harmonic in the real-time analysis.
Conclusions
A new method for magnetic island location measurement using ECE has been developed for the NTM control in DIII-D. By calculating the matched amplitudes of temperature fluctuations caused by the island, its location can be inferred in real time. Since the measurement requires an island, it is intended to be implemented as a complement to MSE-EFITs in the control system. The measurement can decrease the time required to find the optimum alignment of ECCD leading to an increased performance of NTM control in DIII-D.
